Binding of 13C-enriched oleic acid to bovine serum albumin and to three large proteolytic fragments of albumin-two complementary fragments corresponding to the two halves of albumin and one fragment corresponding to the carboxyl-terminal domain-yielded unique.patterns of NMR resonances (chemical shifts and relative intensities) that were used to identify the locations of binding ofthe firstS mol ofoleic acid to the multidomain albumin molecule. The first 3 mol of oleic acid added to intact albumin generated three distinct NMR resonances as a result of simultaneous binding of oleic acid to three heterogeneous sites (primary sites). Two of these resonances were seen upon addition of 1 or 2 mol of oleic acid to fragments representing either the carboxyl-terminal half (residues 307-582) or the carboxyl-terminal domain (residues 377-582); the third resonance was seen upon addition of 1 mol of oleic acid to the fragment representing the amino-terminal half (residues 1-306). The resonance patterns for the fourth and fifth moles of oleic acid added to albumin (secondary sites) could not be duplicated by addition of more oleic acid to individual fragments. These resonance patterns were generated, however, when the two complementary fragments were mixed in equimolar proportions to form an albumin-like complex with a reconstituted middle domain. Thus, two primary fatty acid binding sites are assigned to the carboxyl-terminal domain, one primary site is assigned to the amino-terminal half, and the secondary sites are assigned to the middle domain. This distribution suggests albumin to be a less symmetrical binding molecule than theoretical models predict. This work also demonstrates the power of NMR for the study of microenvironments of individual fatty acid binding sites in specific domains.
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Serum albumin, the major transport protein for unesterified fatty acids in plasma, is able to bind several moles of fatty acid, although the exact locations and detailed structures of fatty acid binding sites on this multidomain protein are not yet known (1, 2) . The homology of the three domains of albumin has invoked speculation that the domains are structurally similar and share similar ligand binding capabilities. One of the most elegant models was proposed by Brown and Shockley (3) , who drew upon the triple-domain primary structure and amphipathic helical secondary structure to present albumin as a series of cylinders, each with the capacity to bind 2 mol of fatty acids inserted into their hydrophobic centers. They further suggested that the three primary binding sites for long-chain fatty acids were distributed with one site per domain.
Although a variety of chemical and spectroscopic studies have been undertaken to define and characterize the locations of the heterogeneous binding sites for long-chain fatty acids, to date none to our knowledge has successfully mapped the locations of the heterogeneous sites for fatty acids on albumin.
Chemical approaches, including studies of the binding of fatty acids to chemically modified albumins (4) and to proteolytic fragments of albumin (5, 6) and affinity labeling of fatty acid binding sites (7), have identified specific regions of albumin and in some cases specific amino acid residues that appear to contribute to binding sites. However, the use of nonnative fatty acid analogues or the modification of specific residues in the protein may perturb the native structure, resulting in loss of native sites or in production of new, nonnative sites. When the results of such studies are in disagreement with predictions of various models, it is impossible to tell whether the disagreement reflects a limitation of the model or the technique.
Spectroscopic approaches, particularly studies of fluorescence ofbound parinaric acids (8) and electron spin resonance studies using spin-labeled fatty acids (9) (11, 12) .
In the present work, we have combined the ability of NMR to distinguish microenvironments ofindividual fatty acid binding sites with the advantages of using isolated fragments to limit the regions and number of sites available for binding. The three fragments of bovine albumin chosen for this study are especially suitable for mapping native binding sites because they retain native properties and native structures when tTo whom reprint requests should be addressed. tPresent address: Department of Physiology, Gifu University School of Medicine, Gifu 500, Japan.
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cleaved from the parent protein (5) . For example, the CD spectrum of each fragment, when presented as mean residue ellipticity, is indistinguishable from that for albumin. This result reflects the symmetry of the highly helical secondary structure of the three domains of albumin and shows that it is retained by the isolated fragments. Each fragment also has at least one long-chain fatty acid binding site with a binding affinity comparable to that demonstrated by native albumin (5) . The fragments even show the ability to refold from a completely reduced, denatured state to form correct disulfide binding patterns and regain antigenicity and fatty acid binding properties (14) . Two of the fragments represent complementary halves ofalbumin. When mixed together in stoichiometric quantities, they form a noncovalent complex that migrates upon gel filtration with an apparent molecular weight of albumin. This complex exhibits some properties of native albumin not displayed by the individual isolated fragments (6) .
By comparing NMR spectra of [13C]oleic acid bound to these fragments and to intact albumin, we are able to assign NMR resonances to specific locations in the albumin molecule and to identify the order of filling of the primary and secondary sites on albumin.
MATERIALS AND METHODS
Albumin was Armour crystallized bovine serum albumin. Fragments representing residues 1-306 (designated PB) and 307-582 (designated PA) of bovine albumin were obtained by limited peptic digestion and were purified by ion-exchange and gel filtration chromatography (15) . The fragment representing residues 361-582 (designated TA) was obtained by tryptic digestion of albumin bound to a palmitoyl-aminoethylamino-agarose column and was purified by ionexchange and gel filtration chromatography (16) . The sequence numbers for the fragments are based on the sequence reported by Brown and Shockley (3).
Isotopically enriched [1-'3C]oleic acid (99% enriched, Kor
Isotopes, Cambridge, MA) was added as the potassium soap to aqueous solutions of albumin at 50 mg/ml or albumin fragments at 10-30 mg/ml in 0.05 M phosphate buffer, pH 7.4/0.1 M NaCl (11) . 13C NMR spectra were obtained at 50.3
MHz on a Bruker WP200 NMR instrument as described (10) (11) (12) ; chemical shifts were measured relative to external tetramethylsilane in C2HCl3 with a reliability equal to or greater than +0.5 ppm. In spectra ofalbumin fragments in the absence of added oleic acid, no resonances were detected downfield from the broad protein envelope at 172-178 ppm. All NMR spectra were collected at least twice with each of two independent preparations of each fragment. Fig. 1 , spectrum C) but no additional identifiable peaks, suggesting simultaneous filling of two sites shared by TA and PA. Addition of 1 mol of oleic acid to PB produces a single sharp peak at 180.70 ppm (Fig.  1, spectrum D) . These three resonances are indistinguishable in chemical shift and linewidth to those for 3 mol of oleic acid bound to intact albumin (Fig. 1, spectrum E and relative intensities to that for 5 mol of oleic acid bound to intact albumin. The similarity of spectrum E to spectrum D in Fig. 2 demonstrates that secondary binding sites of albumin, which were not present on the individual fragments, were restored when the fragments were mixed to form a complementary complex. The association constants for oleic acid binding to the three primary sites must be at least 1 order of magnitude greater than those for the secondary sites, since the resonances for the secondary sites did not begin to appear until those for the primary sites had reached maximum intensity. For PB, this result is in agreement with equilibrium binding studies (5) , which showed two binding sites for fatty acids with a 20-fold difference in affinity. For TA and PA, the simultaneous appearance of two resonance peaks that grew in intensity at approximately the same rate suggests the presence of two sites with similar affinities. However, the equilibrium binding data showed two sites with at least a 10-fold difference in affinity (5) . Such seemingly different results might be explained if the binding of one fatty acid to either of two sites of nearly equivalent affinity induced a conformational change that lowered the binding affinity of the remaining unfilled site. Scatchard analysis, which assumes independent and noninteracting sites, is unable to determine binding affinities for individual sites when they are dependent, interacting sites. Instead, a more general model, determining empirical stepwise equilibrium constants that reflect net binding rather than binding at individual sites, would be applicable to such systems (17) .
These NMR results permit us to assign each of the NMR resonances for oleic acid bound to albumin to specific regions (Fig. 3) . The site reflected by the resonance at 180.60 ppm is seen in PB and therefore is assigned to the amino-terminal half of albumin (domain I and subdomain Ila). The two sites reflected by NMR resonances at 182.05 and 182.36 ppm are assigned to the carboxyl-terminal domain (domain III) because these are seen in PA and TA, the two fragments that acid (1800 spectral accumulations; spectrum A), the PA fragment with 3 mol of oleic acid (5000 spectral accumulations; spectrum B), digital summation of spectra A and B (spectrum C), native bovine albumin with 5 mol of oleic acid (6000 spectral accumulations; spectrum D), and reassembled bovine albumin formed from a mixture of PA with 3 mol of oleic acid and PB with 2 mol of oleic acid (20,000 spectral accumulations; spectrum E). All spectra were processed with 3-Hz line-broadening. There is a small peak at 182.7 ppm in both the native and reassembled bovine albumin (spectra D and E), while there is a much larger relative intensity at 182.7 ppm in the spectral sum (spectrum C).
When the spectra of 3 mol of oleic acid bound to PA and 2 mol of oleic acid bound to PB were added digitally (Fig. 2 , spectrum C), the resultant spectrum was quite different from that for 5 mol of oleic acid bound to intact albumin (Fig. 2,  spectrum D) . Oleic acid bound to intact albumin has a small but significant peak at 183.55 ppm that is not seen in the composite spectrum for the fragments, and the composite spectrum for the fragments shows a large broad peak at 182.70 ppm that does not resemble the partially resolved peaks at 182.3 and 182.7 ppm seen with intact albumin. These differences in chemical shift and relative peak intensities suggest that the secondary sites on the individual fragments are different from the secondary sites on intact albumin.
The spectrum of 5 mol of oleic acid bound to a stoichiometric complex of PA and PB (Fig. 2, spectrum E) This suggests a preservation of tertiary structure for the primary sites in these large proteolytic fragments (in contrast to the secondary sites, which are different in fragments and native or reassembled albumin). The close correspondence of carboxyl linewidths and relative peak intensities in the spectra for oleic acid bound to the fragments and native albumin is additional evidence that these NMR results reflect native behavior on the part of the fragments rather than binding of oleic acid to artefactual binding sites on the fragments with chemical shifts that fortuitously overlap those seen with the native protein. The integrity of structure reflects a very stable multidomain structure of albumin. It is therefore most probable that the high-affinity site in PB is localized predominantly within domain I-the more intact domain of PB. This assignment is also consistent with an affinity-labeled site on Lys-116, within the first domain of PB (7) .
The presence of two high-affinity sites for oleic acid in domain III but only one associated with domain I may be the result of differences in amino acid composition or in threedimensional structure. Domain III has one more disulfide bond than domain I, which may provide a conformation critical to accommodating a second high-affinity site for long-chain fatty acids.
The assignment of unique NMR resonances for fatty acids bound to specific regions of albumin now makes NMR a more powerful tool for future investigations of perturbations of fatty acid binding and release at the specific-site level. The effects of (i) changes in pH or ionic strength, (ii) the presence of competing ligands, or (iii) the effects of chemical modifications of albumin can now be assessed in terms of their impact on individual fatty acid binding sites, overcoming limitations of other techniques that monitor only net effects.
